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PREFACE 

This Report presents the results of one phase of research carried out 
at the Jet Propulsion Laboratory, California Institute of Technology, 
under Contract NAS 7-100, sponsored by the National Aeronautics 
and Space Administration. D. H. Boom is presently employed by the 
Advanced hlaterials Research and Development Laboratory, Pratt and 
iVhitney Aircraft, North Haven, Connecticut; and 0. W. Simmons is 
with the hletallurgical Department, California State Polytechnic Col- 
lege, Sail Luis Obispo, California. 
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ABSTRACT 

The effect of grain size and impurity level on the tensile strength and 
ductility of powder-metallurgy tungsten was determined by compar- 
ing recrystallized coarse- and fine-grained undoped tungsten with 
recrystallized fine-grained doped tungsten. Tests were conducted in 
vacuum at a strain rate of 0.02/min from 2500 to 5000-F. Both fine- 
grained materials were about the same strength and both were 
stronger than the coarse-grained material. Ductility for the doped 
(higher impurity level ) fine-grained tungsten was lower than for the 
undoped fine-grained tungsten in which stress-induced grain growth 
occurred more readily. Stress-induced grain growth correlates in a 
general way with ductility measured by either reduction in area or 
elongation. High and low values of stress-induced grain growth are 
associated with high and low values of ductility, respectively. In the 
intermediate temperature region, between approximately 50 and 65% 
of the absolute melting point, where a ductility minimum occurs, grain 
boundary sliding and its effects, i.e., void nucleation, growth, and inter- 
crystalline fracture, appear to predominate to reduce ductility in both 
fine-grained materials. 

,,- 
I .  INTRODUCTION 

Recent studies indicate that grain size affects the high- 
temperature tensile strength and ductility of tungsten. 
Investigation (Ref. 1) of high-temperature tensile and 
creep properties of several lots of tungsten sheet showed 
that the fine-grained sheet was stronger but less ductile 
than the coarse-grained sheet. Similar dependence of 
tensile strength and ductility on grain size was sug- 
gested by the results of a study (Ref. 2) of recrystallized 
doped powder-metallurgy tungsten, recrystallized arc- 
melted and extruded tungsten, and annealed plasma-flame 
single-crystal tungsten, all in rod form. 

Most of the data on high-temperature deformation 
appear in the creep literature. Although this Report is 
concerned with a tensile study, some of the grain-size 
effects found in creep may be pertinent. Sherby’s correla- 
tion (Ref. 3) of creep data shows that for many metals 
the creep rate increases linearly with the square of the 
grain diameter, although metals such as molybdenum 

(Ref. 4) and aluminum (Ref. 5) show reduced creep 
rates for coarse-grained materials. Some of the conflict- 
ing data may have resulted from testing cold-worked or 
partially recrystallized structures which are unstable 
under test at higher temperatures. 

Stress-induced grain growth appears to correlate with 
an observed increase in ductility for several metals (Ref. 
6 and 7). Previous data for tungsten (Ref. 2) appear to 
hold the same relationship. 

The investigation described herein was directed toward 
obtaining experimental evidence of the effect of grain 
size on the tensile strength and ductility of recrystallized 
powder-metallurgy tungsten in rod form. Data on stress- 
induced grain growth and ductility were also obtained. 
The effect of impurities on grain growth during testing 
was investigated by comparing doped with undoped 
powder-metallurgy tungsten. 

1 
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Material  0 N C Fe AI S i  

Powder-metallurgy" 1 .O-6.4 2-10 2-14 10-20 < 10 < 10 

(undoped) 
Powder-metallurgy' 1.3-5.0 5-16 2-4 10-40 20-40 < 10-20 

(doped) 

II. MATERIALS 

M o  

30-50 

30-50 

Specimens for this investigation were ground from 
0.5-in. dia rods produced commercially from a single lot 
of undoped tungsten powder. The powder was hydro- 
statically pressed and sintered in bars, 1.6 in. in dia X 12 
in. in length, to 93-95% of theoretical density. These 
were rolled and swaged to produce the 0.5-in. rods. 
Starting and finishing swaging temperatures were -2900 
and --.240O0 F, respectively, with 3-min anneals between 
passes. Specimens of the doped powder-metallurgy tung- 
sten (Ref. ?), used as a coinparison material for this study, 
were made from 3/8-in. swaged rod. 

The impurity levels for the doped and undoped mate- 
rials as determined by an independent laboratory are 
given in Table 1. In the doped material, aluminum values 
are higher, and iron, silicon, and nitrogen values are 
slightly higher than in the undoped material. Carbon 
values are higher in the undoped tungsten. 

A few analyses (not reported) made on specimens after 
they had been recrystallized in vacuum indicate that in 
both the doped and undoped tungsten oxygen and iron 
values were slightly lowered. 

The apparatus and test procedure used for this investi- 
gation are described in Ref. 8. The apparatus provides 
radiation heating, in vaciiiiin, for a standard specimen 
(Ref. 9) (0.640-in. gage Ig by 0.160-in. dia) held in a 
hot-grip assembly. The furnace is heated by induction. 
Since first reported the apparatus has been improved 
(Ref. 8) with a ball-nut lead screw and a vacuum system 
which has a higher pumping capacity and lower ultimate 
pressure, -.5 XlO-': torr, at test temperatures. An engi- 
neering stress-strain curve is obtained for each test 
from an x-y plotter which records simultaneously the 
outputs from a load cell and an extensometer. A shoulder- 
strain correction, necessary because the extensometer 
measures grip separation, is determined by measurement, 

111. APPARATUS AND PROCEDURE 

before and after testing, of the distance between marks 
on the specimen shoulder and gage. When voids occur 
as the result of testing, uniform void development up to 
the point of necking is assumed, and the corresponding 
change in volume is applied to obtain a corrected true- 
stress- true-strain curve. Void volume was determined by 
the lineal-intercept method during grain-size measure- 
ments. 

A. Grain-Size Measurements 

Grain size was measured by the lineal - intercept 
method, counting grains in four photomicrographs for 
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each specimen. The photomicrographs were of longitu- 
dinal and transverse sections in the unstrained head and 
in the strained gage section of the tested specimen, in an 
area just outside the zone disturbed by fracture. Grain 
growth, which may occur to some extent because of the 
temperature of the test, was excluded by using only 
photomicrographs of the  tested specimen. Increase 
in grain size is defined as the difference in grain size be- 
tween the undefonned specimen head and the uniformly 
deformed gage section divided by the grain size in the 
head, expressed as a percent. 

6. Recrystallizution 

Specimens were recr) stallized in vacuum at temper- 
atures higher than the highest test temperature in 
order to stabilize the structure with respect to tempera- 
ture alone. Esceptions were iiiatle for doped tungsten 
recrystallized at 5150°F and tested at 5400°F and un- 
doped tungsten recrystallized at 45003F and tested at 
4500" F. Different temperatures \vere used to obtain 
the two nominal grain sizes in the undoped powder- 
metallurgy tungsten. 

One group of undoped tungsten specimens \vas heated 
for 18 hr at  1000°F in \'acuuni at lo-' torr as an initial 
recovery treatment. The specimens were subsequently 
recrystallized at 3900°F in vacuun1 at -.5 X 10.'' torr 
for 20 min. The reco\.ery treittnient insured stable fine- 
grained structures. It was found that material not so 
treated occasionally slion.ec1 abnorinal secondary grain 
growth. .Average grain size in  the unstrained heads of the 
tested speciniens \vas 550 grains/mm' (0.035 111111 average 
dia). -1 longitudinal section, representati\.e of the "as 
recFstallized" condition, from the unstrained head of a 
specimen is sho\vn i n  Fig. 1. 

Another group of undoped tungsten speciniens \vas 
recrystallized in vaci i~i~n at r 5  X lo-" torr for 15 inin 
at 4500°F or 10 min at 5150°F. -111 these specimens had 
coarse-grained to abnormal-grained structures as the re- 
sult of random secondary recrystallization, with grain size 
\-ar).ing from < 1 to 20 grains/niml' (> 1.0 mni to 0.226 
nim average &ai. .4lthough it \vas difficult to associate 
a particuiar gritill sizr \r,itli 011e or the wther recrystaliiza- 
tion temperatures. sliecimens recrystallized at 4500" F 
shon.ed some tendenc!- to be finer grained. macro- 
structure typical of these specimens is shown in Fig. 2. 

The doped po\r-der-metallurgy tiingsten (Ref. 2 )  used 
for comparison in this Report \viis recrystallized at 
3150°F for 10 min. Grain size in the unstrained heads of 

the tested specimens a\.eraged 280 grains/nim' (0.060 mm 
sverage dia). This material was recrystallized and tested 
in the apparatus before improvements \\ere made, in  the 
vacuum range from 2 X lo-' to 9 X lo-' torr, a fact not 
considered to have a significant bearing upon the results 
presented. 

Fig. 1 .  longitudinal section of head, undoped powder- 
metallurgy tungsten specimen recrystallized at 390OOF. 

Etched 1 min in 30-cm3 lactic acid, 1 0-cm3 "03, 
and IO-cm' HF 

Fig. 2. Longitudinal section and cross section of undoped 
powder-metallurgy tungsten recrystallized at 4500OF. 

Etched 1 min in 30-cm3 lactic acid, 1 0-cm' H N 0 3 ,  
and 10-cm3 HF 
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K O  I 1 I 

IV. RESULTS 

Strain-hardening and tensile data for the undoped 
powder-metallurgy tungsten are presented in Fig. 3-6, 
iilong with comparison data for doped po"cler-metallurgy 
tungsten from Ref. 2 .  All these data were obtained at a 
struin rate of O.O2/1nin. 

shows its minimum at a lower temperature (-2800°F) 
and its maximum at a higher temperature (-3700°F) 
than the other two. The coarse-grained material also ex- 
hibits less overall change for the n value. 

A. Strain-Hardening Exponent 

by  the expression 
The true-stress-true-strain flow curve may be described 

(r K z" 

\\,here (r is the true stress, K is the strength coefficient, E 

is the true strain, ant1 I I  is the strain-hardening exponent. 

The value of t i  is determined griiphiciilly from the 
slope of the line which best fits the log true-stress versus 
log true-strain datii up to the point of maximum stress. 
Figure 3 shows how the strain-hardening exponent varies 
with temperature. These values, in view of the assump- 
tions made for corrections mentioned earlier, should be 
considered iis indicative of trends, and are offered here as 
;I means of comparing the various tungsten materials. Of 
interest are the shapes of the three curves which show 
minima and maxima within the intermediate temperature 
region from -0.5 to -0.65 T,,, (T,,, is the melting point, 
O K )  where a ductility minimum occurs for tungsten. The 
two fine-grained tungsten materials show quite similar 
strain-hardening curves while the coarse-grained material 

C 0.4 I I I I I I 

t= z < 1-20 grains/mm2 (4500 8 515OOF) 

W 

0 

9 
W 
0 

z a 280 grains/mm2 (515OOF) DOPED ---- 

t= 

E 0.3 k < 1-20 grains/mm2 (4500 8 515OOF) 

k 
9 
W 
0 
U 0 

I --- 
280 grains/mm2 (515OOF) DOPED2 a 

6. Ultimate Tensile Strength 

Figure 4 presents ultimate tensile strength as a func- 
tion of temperature and shows that the fine-grained tung- 
sten is stronger than the coarse-grained tungsten. Except 
at 2500"F, the curves for fine-grained undoped (550 
grains/mm') and fine-grained doped (280 grains/mm2) 
powder-metallurgy tungsten lie close together, as might 
be expected since grain size differs by less than a factor 
of two. Testing of the fine-grained undoped material was 
limited to 3800°F because the recrystallization tcmpera- 
ture was 3900°F. The curve for the coarse-grained un- 
doped powder-metallurgy tungsten (< 1 to 20 grains/ 
mm') lies decidedly below the others. It is drawn through 
duplicate data points at 4500 and 5000°F and through 
the average of at least four data points at the other tem- 
peratures. This curve represents essentially the base-line 
tensile strength to be expected from coarse-grained (re- 
crystallized) commercially pure tungsten. Data (Ref. 2) 
for coarse-grained arc-melted and extruded tungsten and 
plasma-flame single-crystal tungsten straddle the coarse- 
grained undoped powder-metallurgy tungsten curve, with 
most of the arc-melted and extruded data lying slightly 
above. 

I I I I I 1 

01 1 I I I I I 

TEMPERATURE, O F  

2500 3000 3500 4000 4500 5000 5500 

Fig. 3. §train-hardening exponent as a function of temper- 
ature for recrystallized undoped powder-metallurgy 
tungsten in two grain sizes. Recrystallization tempera- 
ture in parentheses. Doped tungsten data from Ref. 2 

Fig. 4. Ultimate tensile strength as a function of temper- 
ature for recrystallized undoped powder-metallurgy 

tungsten in two grain sizes. Recrystallization tempera- 
ture in parentheses. Doped tungsten data from Ref. 2 
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20 

0 

C. Reduction in Area 

Figure 5 illustrates reduction in area as a function of 
temperature. Essentially a 100% reduction in area was 
obtained for the coarse-grained undoped tungsten at all 
test temperatures. Similarly, nearly 100% reduction-in- 
area curves were obtained for other coarse-grained tung- 
sten materials (Ref. 2) tested at a strain rate of O.M/min 
and for the fine-grained doped tungsten (Ref. 2) when 
tested at  2.O/min. A knife-edge, single-crystal type frac- 

- 
[280 gmins/mm2 (5150.F) DOPED 

I I I I I 

- 

z 550 grains/mm* (39OOOF) 

01 I I I I I 
2500 3000 3500 4000 4500 5000 5500 

TEMPERATURE.OF 

fig. 5. Reduction in area a s  a function of temperature for 
recrystallized undoped powder-metallurgy tungsten in 
two grain sizes. Recrystallization temperature in paren- 

theses. Doped tungsten data from Ref. 2 

1201 A I I I I 1 

i 550 gmins/mm2 (3900OF) 

100 
c c 
0) 0 

$ 80 
n 1-20 M500 8 51WF) 

ture was observed at all temperatures studied including 
2500°F. 

The shape of the curve for the fine-grained undoped 
material in Fig. 5 suggests a ductility minimum at about 
3800°F. The fine-grained undoped material show con- 
siderable uniform elongation before necking to give 3 
“cup and cone” fracture and high reduction-in-area values 
at 25500 and 3000°F. At 3500 and 3800°F the fractures 
are intercrystalline, with little or no necking, similar to 
those for the doped powder-metallurgy tungsten in the 
same temperature range. 

D. Elongation 

The elongation data given as a function of temperature 
in Fig. 6 show nearly as great a ductility difference for 
the undoped materials having different grain sizes as 
the reduction-in-area curves do, but in the opposite direc- 
tion. Elongation is higher for the fine-grained undoped 
tungsten up to approximately 3000°F where it falls 
rapidly to values slightly lower than those for the coarse- 
grained tungsten. In the coarse-grained material, early 
necking results in comparatively little change in elonga- 
tion across the entire temperature range. 

For the fine-grained undoped material, a band of 
values represents data scatter from rod to rod within 
the single lot. Rod-to-rod data scatter was not appreciable 
for either ultimate tensile strength or reduction in area 
versus temperature curves. The data scatter within the 
band for the coarse-grained undoped material can be 
attributed to: (1) the specimens being made from three 
different rods, (2) variation in coarse-grain size, (3) differ- 
ence in recrystallization temperature, (4) possibly, heating 
and cooling rates. 

E. Grain-Size Increase 

Figure 7 shows that the undoped fine-grained tungsten 
exhibits a greater grain-size increase than the doped fine- 
grained material, which has a higher impurity level. The 
curve for doped tungsten is somewhat different from that 
shown in Ref. 2 because of the addition of data points 
(not shown); however, the trend remains the same. Grain- 
size increase was not measured for the coarse-grained 
undoped tungsten because of the difficulty in obtaining 
meaningful measurements. 

5 
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100 I I I I I 
c al 

550 groins/mm2 (3900'F) K 80- n 
- 

\ 

W- 

'. 
I I I I I 

2500 3000 3500 4000 4500 5000 5 5 0 0  
6 01 

TEMPERATURE, OF 

Fig. 7. Grain-size increase a s  a function of temperature for 
recrystallized undoped powder-metallurgy tungsten. 

Recrystallization temperature in parentheses 

F.  Photomicrographs 

T h e micros t r u c t u res cor respond in g to d e  cr e a s in g 
reduction-in-area ductility and increasing temperature for 
the undoped fine-grained tungsten are shown in Fig. 8-11. 
Figure 8 presents the microstructure of a specimen tested 
at 2500"F, which, as compared to the microstructure of 
an unstrained head in Fig. 1, shows grain elongation, 
grain growth, and substructure. The substructure shows 
a tendency to align itself on a maximum shear-stress 

Fig. 8. longitudinal section of gage, undoped powder- 
metallurgy tungsten specimen recrystallized at 3900°F 

and tested at 25OOOF. Etched 1 min in 30-cm' lactic 
acid, 1 0-cm' HNO,, and 1 0-cm' HF 

Fig. 9. longitudinal section of gage, undoped powder- 
metallurgy tungsten specimen recrystslllized at 390OoF 

and tested at 300OOF. Etched 1 min in 30-cm' lactic 
acid, 1 0-cm' " 0 3 ,  and 1 0-cm' HF 

plane, namely 45 deg to the tensile axis which is oriented 
right and left parallel to the plane of the figure. 

The microstructure of a specimen tested at 3000"F, 
shown in Fig. 9, is similar to that shown in Fig. 8 with 
two exceptions: (1) it has a slightly coarser more ran- 
domly oriented substructure and (2) there are somewhat 
rounded voids, a few within grains. 

In Fig. 10, the microstructure of a specimen tested at  
3500"F, where elongation and reduction in area are con- 
siderably lower, exhibits little grain e!ongation. Voids are 
larger and more numerous and lie chiefly on boundaries 
normal to the tensile axis. Void shapes are somewhat 
rounded by electropolishing. The substructure is quite 
randomly oriented and is much coarser. 

The mirrostriir+iire of :> s y r i m r n  t m t d  n t  3Rm°F, 
(Fig. ll), resembles that of the unstrained head, (Fig. l), 
except that large voids resembling cracks have been in- 
troduced at grain boundaries situated at right angles to 
the tensile axis and the substructure is evident. Although 
not readily apparent in the photomicrograph, strain- 
induced grain growth has increased over that occurring 
at  3500°F. Evidence of grain-boundary sliding is apparent 
in Fig. 10 and 11, and the authors have a l so  observed it 
qualitatively by means of a scratchmark technique. 

6 
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Fig. 10. Longitudinal section of gage, undoped powder- 
metallurgy tungsten specimen recrystallized at 390OoF 

and tested at  3500OF. Etched 1 min in 30-cm' lactic 
acid, 1 0-cm' "01, and 10-cm' HF 

Fig. 1 1. Longitudinal section of gage, undoped powder- 
metallurgy tungsten specimen recrystallized at 390OoF 
and tested at  380OOF. Etched 1 rnin in 30-crn' lactic 

acid, 10-crn' HNO,, and 10-crn' HF 

V. DISCUSSION 

Considering the difference in strength between the 
fine- and coarse-grained undoped tungsten of the same 
material lot, shown in Fig. 4, it  may be questioned 
whether this is an effect of grain size or of some other 
factors. Such factors may be: (1) grain-boundary energy 
resulting from the different recrystallization temperatures 
used; (2) an impurity distribution resulting from cooling 
from different recrystallization temperatures, and (3) the 
possibility of single-crystal behavior of the coarse-grained 
specimen because of there being so few grains in the 
cross-section. 

Taking the first possible factor, other than grain size, 
for the strength difference, it is knoum that the energy 
of the grain boundaries can affect certain cleforination 
processes. In this case, the random distribution of lo\v- 
and high-energy boundaries in the material recrystallized 
at -1500 and 5150°F is not expected to be significantly 
different from that in the material recrystallized at 

3900°F becmse these temperatures are \vel1 above the 
minimuin recrystallization teniperature o f  --.-7-10O0F. 

Again comparing the undoped tungsten in two grain 
sizes: distribution of impurities, especially carbon, at 
grain-boundary sites probably occurred to a greater ex- 
tent in the coarse-grained material because it was furnace 
cooled from a higher recrystallization temperature than 
the fine-grained niaterial. If true, this distribution would 
tend to lessen rather than contribute to the strength dif- 
ference between the iniiterials 1)ecause inrpurities it5 

stable second-phase particles favorably sized itre know7n 
to pin grain boundaries, thereby strengthening the matc- 
rial. 

The stress-strain curves of the coarse-grained material 
(< 1 to 20 grains/mm' or < 1 to 16 grains in  the cross 
s e c t i on) i nd i c' a t e p ol y cr y s t a 11 i ne  behavior as d i s t i n c t 

7 
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from single-crystal behavior illustrated by Dieter (Kef .  
10). Thus, a valid comparison with the fine-grained 
material can be made. 

Grain size is the only factor believed to contribute 
significantly to the difference in strength observed. Fur- 
ther evidence of the strengthening effect of fine grain 
size is found in the recent work of Klopp et a1 (Ref. 11). 
They showed for swaged and annealed arc-melted tung- 
sten ranging in grain size from < 1 t o  % 120 grains/niin' 
that the finer-grained material \vas stronger from 2500 to 
4000°F in both creep and tensile tests. 

The decided difierence in ductility, 21s shown by the 
reduction-in-area curves in Fig. 5, between the doped 
and undoped fine-grained powder-metallurgy tungsten 
probably can be attributed primarily to stress-induced 
grain growth, which occurs more readily in the undoped 
material (Fig. 7). The difference in initial grain size (SS0 
grains/mm' in the undoped inaterial versus 280 grains/ 
mm' in the doped) probably plays a minor part in con- 
tributing to the difference in ductility in this case. Be- 
tween the fine-grained and the coarse-grained undoped 
material there is also a marked difference in ductility, and 
in this case the difference is attributed to grain size, 550 
grains/mm? versus < 1 to 20 grains/mm2. The grain-size 
effect may be exaggerated because in the coarse-grained 
material, at fracture, a coarse grain has already grown to 
occupy essentially the entire cross section. It may be 
noted that there is a similarity in the shapes of the grain- 
size increase curve (Fig. 7) and elongation curve (Fig. 6) 
for the fine-grained undoped and fine-grained doped 
tungsten, except at 3800°F for the undoped tungsten. 
Increasing ductility, measured b y  reduction-in-area and/ 
or elongation, above the intermediate temperature re- 
gion has been associated with stress-induced grain 
growth in tungsten (Ref. 2) and noted in Monel (Ref. 6), 
copper (Ref. 7), and aluminum alloys (Ref. 12). This in- 
creasing ductility is also accompanied by decreasing 
void nucleation and/or growth. The present data strongly 
suggest that stress-induced grain growth and ductility 
are also associated belou: the intermediate temperature 
region. 

For doped tungsten the decrease in both reduction-in- 
area and elongation above 2.5000'F (Fig. 5 and 6) ap- 
pears to be associated with less increase in grain size 

during the test. Stress relasittion, high recovery rates, 
and low stress levels probably account for the observed 
diminution of stress-induced grain growth. 

Thus, it appears that reduction in area itnd elongation 
of recrystallized fine-grained powder-metallurgy tung- 
sten correlate in general with stress-induced grain growth 
from 2500°F (and possibly lower) to some temperature 
above 5000°F. 111 tungsten-3% rlieniriin (Ref. 1:3) there 
was little or no stress-induced grain gro\vth, iind cluctility 
decreased continuously in and above the temperature 
range usual for a ductility miniinuni. 

Stress-induced grain growth, which reitches a maximum 
in the undoped fine-grained tiingsten at :3000° F, is a p -  
parently little affected by  the voids which occur during 
the testing (Fig. 9). The presence of rounded voids within 
grains would appear to indicate that voids nucleated and 
grew early, before being isolated and limited in size b y  
stress-induced grain growth. The voids, roundcd by in- 
creasing deformation, surface tension effects, and, pos- 
sibly, vacancy condensation, have probably exaggerated 
the elongation values \vhile lowering the redtiction in 
area to 65%. -4t 3500°F in the region of the ductility 
minimum, where more and larger voids (Fig. 10) are 
evident a s  compared to lower temperatures, there is still 
a 35% increase in grain size. 

It appears that in the ductility minimum region, where 
grain-boundary sliding as well as stress-induced grain 
growth occur, the effects of grain-boundary sliding pre- 
dominate to lower the ductility. Grain-boundary sliding 
and its associated void formation are enhanced by higher 
impurity levels and fine recrystallized grain size (Ref. 14) 
and occur in a fairly narrow intermediate temperature 
region. 

The results of the present investigation are consistent 
with current thinking about the role of grain boundaries 
in creep or tension, as summarized by Conrad (Ref. 15). 
In his summary, the experimental evidence is rather con- 
clusive that grain-boundary sliding is necessary for void 
formation. It has been shown for aluminum (Ref. 16) that 
grain-boundary sliding is maximized in a critical stress 
range, and it has been suggested that for many metals 
this stress range coincides with the intermediate tem- 
perature range. 
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